Abstract-Nociceptive plasticity and central sensitization within the spinal cord depend on neurobiological mechanisms implicated in learning and memory in higher neural systems, suggesting that the factors that impact brainmediated learning and memory could modulate how stimulation affects spinal systems. One such factor is temporal regularity (predictability). The present paper shows that intermittent hindleg shock has opposing effects in spinally transected rats depending upon whether shock is presented in a regular or irregular (variable) manner. Variable intermittent legshock (900 shocks) enhanced mechanical reactivity to von Frey stimuli (hyperreactivity), whereas 900 fixedspaced legshocks produced hyporeactivity. The impact of fixed-spaced shock depended upon the duration of exposure; a brief exposure (36 shocks) induced hyperreactivity whereas an extended exposure (900 shocks) produced hyporeactivity. The enhanced reactivity observed after variable shock was most evident 60-180 min after treatment. Fixed and variable intermittent stimulation applied to the sciatic nerve, or the tail, yielded a similar pattern of results. Stimulation had no effect on thermal reactivity. Exposure to fixed-spaced shock, but not variable shock, attenuated the enhanced mechanical reactivity (EMR) produced by treatment with hindpaw capsaicin. The effect of fixed-spaced stimulation lasted 24 h. Treatment with fixed-spaced shock also attenuated the maintenance of capsaicin-induced EMR. The results show that variable intermittent shock enhances mechanical reactivity, while an extended exposure to fixed-spaced shock has the opposite effect on mechanical reactivity and attenuates capsaicin-induced EMR. Ó
INTRODUCTION
Nociceptive stimulation and inflammation can enhance behavioral reactivity to both noxious (hyperalgesia) and non-noxious tactile (allodynia) stimulation. For example, peripheral treatment with the transient receptor potential cation channel subfamily V member 1 (TRPV1) agonist capsaicin enhances pain reports in humans (Simone et al., 1989; LaMotte et al., 1992) and tactile reactivity in animals (Baumann et al., 1991; Sluka et al., 1997; Kim et al., 2007) . Research suggests that enhanced pain is due, in part, to the sensitization of nociceptive systems within the spinal cord, a phenomenon known as central sensitization (Woolf and Salter, 2000; Latremoliere and Woolf, 2009) . Supporting this, intradermal application of chemical irritants (e.g. capsaicin, mustard oil, formalin, bee venom) induces enhanced mechanical reactivity (EMR) even after communication with the brain has been disrupted (Wall and Woolf, 1984; Sivilotti and Woolf, 1994; You and Arendt-Nielsen, 2005) .
Because alterations in spinal nociceptive processing are thought to contribute to the development of prolonged pain symptoms, researchers have sought to identify the physiological mechanisms responsible for the initiation and maintenance of pain states over time. Research has shown that the sensitization of spinal nociceptive systems depends on a form of N-methyl D-aspartic acid receptor (NMDAR)-mediated plasticity (Coderre and Melzack, 1992; Willis, 2009; Tan et al., 2011) and that nociceptive sensitization can be induced by a variety of manipulations, including brief exposure to low-frequency (<5 Hz) electrical stimulation (Davies and Lodge, 1987; Woolf and Thompson, 1991; You et al., 2004) . Repeated electrical stimulation can increase neural excitability within the dorsal horn (wind-up) and behavioral reactivity to nociceptive stimuli (Mendell, 1966; Herrero et al., 2000) .
Recent studies indicate that the sensitization of spinal nociceptive systems may also affect adaptive plasticity within the spinal cord, as indexed by the capacity to learn a simple instrumental task. Spinally transected rats given shock to one hindlimb whenever the leg is extended normally exhibit a progressive increase in flexion duration (the index of learning) that reduces net shock exposure (Grau et al., 1998) . Treatments that induce inflammation, EMR, and central sensitization (e.g. peripheral capsaicin or carrageenan) impair this learning (Ferguson et al., 2006; Hook et al., 2008 that activates C-fibers also impairs instrumental learning and this effect lasts at least 24 h (Crown et al., 2002; Baumbauer et al., 2008) .
We recently discovered that the impact of intermittent shock on learning depends on whether the stimulation occurs in a regular or irregular manner; subjects given 900 intermittent 80-ms shocks in a variable manner (0.2-3.8 s [mean 2 s], rectangular distribution) later fail to learn whereas subjects exposed to an equal number of shocks at a regular (fixed 2 s) exhibit no learning impairment . Rather, exposure to fixed-spaced shock engages an opponent-like process that enables learning and blocks the induction of the learning deficit for up to 24 h (Baumbauer et al., 2009) . The beneficial effect of fixed-spaced shock requires extended training, involves a form NMDARmediated plasticity and protein synthesis, and depends on the neurotrophin BDNF (Baumbauer et al., 2009) .
Elsewhere, we showed that exposure to fixed-spaced shock also counters the learning impairment produced by capsaicin administration (Baumbauer and Grau, 2011) . However, the more important question is whether fixedspaced shock affects capsaicin-induced EMR. Using a model system, in which spinal mechanisms are surgically isolated from the brain, we show that variable and fixed-spaced stimulation affect mechanical reactivity in opposite ways; fixed-spaced shock produces diminished (hypo-) reactivity whereas variable shock induces EMR. The outcome observed depends on the duration of exposure and time of testing. Most importantly, exposure to fixed-spaced shock prevented and reversed the EMR produced by capsaicin.
EXPERIMENTAL PROCEDURES Subjects
Subjects were male Sprague-Dawley rats obtained from Harlan (Houston, TX). Rats were 70-90 days old and weighed 350-400 g at the time of spinal cord transection. They were housed in pairs with free access to food and water, and were maintained on a 14-10-h light-dark cycle. All experiments were carried out in accordance with NIH standards for the care and use of laboratory animals , and were approved by the University Laboratory Animal Care Committee at Texas A&M University. Every effort was made to minimize suffering and limit the number of animals used.
Spinalization surgery
Prior to surgery, the fur over the thoracic portion of the vertebral column was shaved and disinfected with betadine solution. Rats were anesthetized with isoflurane gas. The rat's head was rendered immobile in a stereotaxic apparatus with a small (5 Â 4 Â 2.5 cm) gauze pillow under the subject's chest. An anterior to posterior incision over the second thoracic vertebrae (T2) was made, the tissue just rostral to T2 was cleared using rongeurs, and the cord exposed and cauterized. The remaining gap in the cord was filled with Gelfoam (Pharmacia Corp., Kalamazoo, MI) and the wound was closed with Michel clips (Fisher Scientific, Waltham, MA) . Following closure of the wound, the surface of each leg was shaved for electrode placement. Intraperitoneal injections (3 mL) of 0.9% saline solution were administered post-operatively to prevent dehydration. Following surgery, rats were placed in a temperature-controlled environment (25.5°C) and monitored until awake. All rats were checked every six to eight hours during the 18-24-h post-surgical period. During this time, hydration was maintained with supplemental injections of saline, and the rats' bladders and colons were expressed as necessary.
Spinal transections were confirmed by inspecting the cord under a 10x dissection scope, and observing the behavior of the subjects after they recovered to ensure that they exhibited paralysis below the level of the forepaws and did not exhibit any supraspinally mediated pain responses to legshock.
Stimulation procedures
In all experiments, except Experiment 3, shock was applied using intramuscular shock electrodes constructed from stainless steel wire (0.01 mm 2 [36 AWG], magnet wire single beldsol) that were inserted into the tibialis anterior muscle. Shock was administered using a constant current AC shock generator (Model SG-903; BRS/LVE, Laurel MD). This mode of stimulation is regularly used in our laboratory to study learning by instituting a behavioral contingency between the execution of a flexion response and the presentation of shock. From that work, it is known that the effectiveness of stimulation varies with electrode placement. Here, and elsewhere (e.g. Grau et al., 1998) , we regularly control for this variability by adjusting the shock intensity so that it elicits a comparable flexion force (0.4 N) across subjects.
Where sciatic stimulation was employed (Experiment 3), the sciatic nerve in one hind leg (counterbalanced across subjects) was accessed by dissecting away the biceps femoris and vastus lateralus muscles to leave the nerve exposed in the popliteal fossa. Bipolar hook electrodes were then placed under the sciatic nerve, with the electrodes 5 mm apart. A test pulse was delivered from the stimulator (model S9; Grass Medical Instruments, Quincy, MA.) to ensure contact between the nerve and electrodes. Once the electrodes were in place, the appropriate stimulation (40 V, 50 Hz, 80 ms bursts, 10 ms pulse width) treatment was administered. Warm mineral oil was applied, as needed, to prevent dehydration of the exposed nerve.
In all experiments, intermittent stimulation was applied using 80-ms shocks spaced an average of 2 s apart. For subjects in the fixed-spaced condition, shocks occurred at regular (2-s) intervals. Variable stimulation was created using a rectangular distribution that varied between 0.2 and 3.8 s, with a mean interstimulus interval (ISI) of 2 s. Prior work has shown that variable shock undermines learning (Crown et al., 2002; Baumbauer et al., 2007 Baumbauer et al., , 2008 Baumbauer et al., , 2009 Ferguson et al., 2008) , while fixed shock does not (Baumbauer et al., , 2009 ).
Tactile reactivity
Reactivity to mechanical stimulation was assessed using von Frey filaments (Stoelting, Wood Dale, IL) by experimenters that were blinded to treatment condition. Sensitivity was determined by stimulating the mid-plantar surface of each hindpaw in an ascending order until a flexion response was elicited. Stimuli (range = 4.56-6.65) were presented twice to each paw in an ABBA counterbalanced fashion (A = left, B = right), with testing on the same leg separated by a 2-min interval. Because sensory intensity generally increases in a logarithmic fashion (Weber fraction), filament thickness (approximate bending force) was related to behavior using the transformation provided by the manufacturer: Intensity = log 10 (10,000Ág). This transformation yields a scale that is approximately linear and amenable to parametric statistical analyses (Tabachnick and Fidell, 2007) . Data were converted to change from baseline scores (using difference scores) for purposes of analysis.
Thermal reactivity
Reactivity to radiant heat was assessed in Experiment 4 with an automated tail-flick device. Heat was provided by a 375-W movie light that was focused onto the rat's tail by means of a condenser lens positioned 8 cm below the light source. The light source illuminated approximately 2 cm of the rat's tail. Light intensity was controlled by an AC potentiometer (#6681-W, Leviton, Little Neck, NY). The rat's tail was rested on a 0.5 cm deep groove embedded on an aluminum block positioned 4.7 cm below the condenser lens (for additional details see Prentice et al., 1996) . To avoid tissue damage, test trials were terminated after 8 s of heat exposure. Baseline thermal reactivity was assessed three times at 2-min intervals after tactile reactivity was assessed. As in prior studies (e.g., Meagher et al., 1990; Prentice et al., 1996; Crown et al., 2002) the last two tests were used to compute the baseline score. Behavioral reactivity was assessed at 0, 1, 2, and 3 h after shock treatment in Experiment 4. At each time point, and after tactile reactivity was assessed, two-tail flick tests were conducted 2 min apart and the average computed. and injected subcutaneously into the dorsal surface of the foot. Using the dorsal surface of the paw as the injection site ensured that the resulting edema did not impact any of our assessment procedures .
Capsaicin injections

Statistics
All behavioral measures were analyzed using an analysis of variance (ANOVA) or an analysis of covariance (ANCOVA). These analyses were supplemented with trend analyses and Bonferroni t-tests. Where appropriate, Tukey's honestly significant difference (HSD) was used to conduct post hoc analyses. In the case of baseline scores, ANOVAs were routinely used to analyze group differences prior to treatment. Some variability in baseline reactivity was observed, but in no case was there a statistically significant difference between groups.
We controlled for individual variability in baseline reactivity in two ways: (1) By analyzing the test data using an ANCOVA, entering the baseline score as a covariate; and (2) By computing a change from baseline score and analyzing the data using an ANOVA. Both sets of analyses yielded similar patterns of statistical significance. Given this, and the fact that change from baseline scores are often easier to interpret, only those analyses are presented. Significant group differences are indicated in the figures with an '⁄'. In all cases, p < .05 was used to determine statistical significance.
RESULTS
Experiment 1: Fixed-and variable-spaced stimulation have opposite effects on tactile reactivity Prior research has shown that exposure to variable and fixed stimulation have divergent effects on spinal learning (Baumbauer et al., , 2009 Baumbauer and Grau, 2011) . Whereas variable stimulation undermines the capacity of the spinal cord to support learning, prolonged exposure to fixed-spaced stimulation promotes learning. What is not known is whether these two forms of stimulation have divergent effects on tactile reactivity. This is of interest because the consequences of variable stimulation have been linked to the development of central sensitization and EMR (Ferguson et al., 2006) . Our hypothesis was that introducing temporal regularity would alter how intermittent stimulation affects mechanical reactivity, and potentially induce the opposite effect (hyporeactivity).
The experimental design is illustrated at the top of Fig. 1 . Twenty-four subjects (n = 8 per condition) were randomly assigned to one of three treatment conditions: no shock (Unshk), 900 shocks given at regular (2 s) intervals (fixed shock), or 900 shocks spaced in a variable (0.2-3.8 s, with a mean inter-trial interval of 2 s) manner (variable shock). Tactile reactivity was assessed on each paw prior to legshock and again 30, 60, and 180 min following shock treatment.
We first measured baseline reactivity to von Frey stimulation (measured in the units provided by the manufacturer [see ''Experimental procedures'']). Baseline thresholds (Fig. 1A) ranged from 6.11 ± 0.02 to 6.14 ± 0.04 across groups and did not differ, all Fs < 3.00, p > .05.
After shock treatment (Postshock), subjects were generally less responsive (change from baseline score ± SEM) on the stimulated leg (À0.04 ± 0.03) when compared to the unstimulated leg (À0.12 ± 0.02), F(1, 21) = 5.96, p < .05. However, this effect did not interact with treatment condition or time, all Fs < 2.70, p > .05. Consequently, we collapsed the data across this variable. As anticipated, group differences were most apparent when we controlled for variation in baseline reactivity (Fig. 1B) . Fixed-spaced shock induced a transient hyporeactivity whereas subjects exposed to variable shock were hyperreactive to tactile stimulation. An ANOVA revealed significant main effects of Time and Shock condition, as well as a significant Time Â Shock Condition interaction, all Fs > 5.02, p < .01.
Individual one-way ANOVAs were conducted at each time point to explore the impact of shock treatment over time. The ANOVA performed on the 30-min data revealed that subjects in the fixed shock condition exhibited an increase in tactile threshold when compared to all other subjects, F(2, 23) = 14.13, p < .001. Subjects in the variable shock condition demonstrated a nonsignificant decrease in threshold (p = .08). When tactile thresholds were examined 60 min following stimulation, subjects in the variable shock condition exhibited lower thresholds relative to unshocked controls, while rats in the fixed shock condition did not differ from any other condition, F(2, 23) = 7.80, p < .01. No differences in reactivity were detected 180 min following stimulation, F(2, 23) = 2.43, p > .05.
Experiment 2: The impact of fixed-spaced stimulation depends on shock number Experiment 1 showed that an extended exposure to fixedspaced stimulation inhibits tactile reactivity. Others have shown that brief exposure to regularly spaced stimulation (at similar frequencies) can enhance reactivity (Woolf and King, 1987; Sivilotti et al., 1993; Thompson et al., 1993; Li et al., 1999; Herrero et al., 2000) . Together, these observations imply that the effect of fixed stimulation may vary as a function of shock number; administration of 900 shocks may inhibit tactile reactivity, whereas less stimulation enhances responsiveness. The present experiment evaluated this hypothesis by testing mechanical reactivity after different numbers of fixed-spaced shocks (36, 180 or 900 shocks).
Forty subjects (n = 10 subjects per condition) were randomly divided into four conditions, and were given 0, 36, 180 or 900 fixed-spaced legshocks (see Fig. 2 ). Tactile reactivity was assessed on the plantar surface of each paw prior to legshock and again 30, 60, and 180 min following shock treatment. All subjects were restrained for equivalent periods of time, and stimulation occurred at the end of the restraint period to maintain equal time between shock and successive tactile assessments. Fig. 2 . Brief exposure to fixed-spaced stimulation causes mechanical hyperreactivty, while an extended exposure causes hyporeactivity. Tactile reactivity was assessed after rats received 0, 36, 180, or 900 fixed legshocks. Assessments were made at 30, 60, and 180 min following legshock. Because time was not a significant factor in our analysis we collapsed across this variable and present mean data. (A) Mean absolute tactile thresholds after shock treatment. The left y-axis depicts linearized data while the right y-axis depicts the gram force equivalents. (B) Mean change from baseline scores. Asterisks indicate statistically significant differences (p < .05), and error bars depict ±SEM. The inset depicts the experimental design.
Baseline mechanical reactivity ranged from 6.07 ± 0.02 to 6.16 ± 0.03 across all conditions and did not differ, all Fs = 1.33, p > .05. After shock treatment, the group differences did not vary across time or leg, all Fs < 1.06, p > .05. Consequently, we collapsed the data across these variables and report the mean posttreatment values. When variation in baseline reactivity was controlled for (Fig. 2B) , we found that a brief exposure to shock (36 shocks) enhanced reactivity whereas subjects given 900 shocks were less responsive. An ANOVA revealed a significant main effect of shock condition, F(3, 36) = 7.51, p < .01. To further analyze how reactivity varied as a function of shock number, we compared the group means using trend analyses. We found linear and quadratic trends that accounted for 35.19% and 58.74% of the variance, respectively. Planned comparisons were performed using individual Bonferroni t-tests to control for the number of comparisons made. This analysis showed that, relative to the unshocked controls (0 shocks), rats given 36 shocks were more responsive to tactile stimulation, t(72) = 3.06, p < .05, while rats given 900 shocks exhibited a significant increase in threshold, t(72) = 7.71, p < .01. Rats in the 180 shock condition did not differ from unshocked rats, t(72) = 0.17, p > .05.
Experiment 3: Intermittent stimulation of the sciatic nerve yields similar results
The shift from hyper-to hyporeactivity observed in Experiment 2 behaviorally resembles the well-known phenomena of wind-up and wind-down (Woolf, 1983; Clatworthy and Walters, 1993a; Traub, 1997; Herrero et al., 2000) . Collectively, our results suggest that an extended exposure to intermittent shock only produces hyporeactivity if the stimuli occur in a regular manner; if shocks occur in a variable manner EMR is observed (Experiment 1). However, in a prior study , we reported that variable stimulation of the sciatic nerve induces hyporeactivity, not hyperreactivity. The effects were only measured immediately after stimulation. Perhaps variable stimulation of the sciatic nerve also enhances tactile reactivity, but this effect does not emerge until 60 min after stimulation has ended. The present experiment examines these issues by comparing the impact of variable versus fixed-spaced stimulation of the sciatic nerve on mechanical reactivity from 0 to 180 min after stimulation.
The experimental conditions are illustrated in the upper portion of Fig. 3 . Eighteen subjects (n = 6 per condition) had their sciatic nerves exposed prior to baseline measurement of mechanical reactivity of both the treated, and untreated, leg. Immediately following baseline assessment, rats received 900 fixed or variable monophasic direct current (DC) shocks (40 V, 50 Hz, 80 ms bursts, 10 ms pulse width) to their exposed sciatic nerves. A separate group of control rats had electrodes placed on their sciatic nerve but no current was applied (Unshk). Using these parameters, we have shown that variable, but not fixed, stimulation undermines learning . Mechanical reactivity was assessed immediately following stimulation and again every hr over a 3-h period.
Baseline reactivity (Fig. 3A) ranged from 5.93 ± 0.03 to 6.03 ± 0.04 and did not differ across conditions, all Fs = 1.46, p > .05. Shock treatment had a similar effect across test legs, F(1, 15) < 1.0, p > .05, and consequently, we collapsed the data across this variable (Fig. 3B ). When mechanical reactivity was assessed immediately following stimulation, rats in each stimulation condition exhibited hyporeactivity. However, at later time points, rats administered variable sciatic stimulation exhibited enhanced reactivity while rats in the fixed condition did not. An ANOVA conducted on the change from baseline scores revealed significant main effects of Time and Shock condition, as well as a significant Time Â Shock condition interaction, all Fs > 7.15, p < .01. Post hoc comparisons confirmed that rats in the variable shock condition exhibited enhanced reactivity relative to rats in the other conditions (p < .05). To further quantify how stimulation affected behavior over time, individual ANOVAs were conducted at each time point. Immediately following sciatic stimulation, both variable and fixed shocked rats were hyporeactive relative to the unshocked condition, F(2, 17) = 13.24, p < .001. Rats given variable stimulation began to exhibit enhanced mechanical reactivity one hr following stimulation, F(2, 17) = 5.87, p < .05 and this effect persisted for the remainder of the 3-h testing period, all Fs > 10.13, p < .01.
Experiment 4: Intermittent stimulation to the tail has a similar effect on mechanical thresholds and does not affect thermal reactivity on the tail-flick test Previous work has shown that variable and fixed intermittent shock applied to the tail have differential effects on learning (Baumbauer et al., 2009) . While Experiments 1-3 demonstrate that stimulation to one hind limb produces a bilateral effect, it is not known whether stimulation at a remote site affects mechanical reactivity; both here, and in prior studies (Ferguson et al., 2006; Baumbauer et al., 2008; Huie et al., 2012) , changes in mechanical reactivity have only been studied after hindleg stimulation. The present experiment explores this issue by testing whether mechanical reactivity to stimuli applied to the hindlimbs is affected by intermittent stimulation applied at a remote dermatome (the tail). In addition, we examine whether stimulation affects tail-withdrawal from noxious radiant heat (tail-flick test).
The experimental design is illustrated in the upper panel of Fig. 4 . Thirty rats (n = 10 per condition) were tested for baseline tactile reactivity and received 3 baseline tailflick tests at 2-min intervals. Subjects then received 900 fixed or variable tailshocks or no shock (Unshk). Tactile and thermal reactivity were re-assessed immediately after administration of tailshock and again every hour for 3 h. At each time point, two tail-flick tests were conducted (2 min apart) after tactile reactivity was assessed.
Baseline thresholds to mechanical (Fig. 4A ) and thermal ( Fig. 4C ) stimulation did not differ across groups, all Fs < 1.00, p > .05. As in Experiments 1-3, we controlled for individual variability in behavioral reactivity by computing a change from baseline score (Fig. 4B, D) . Because tailshocks had a similar effect on reactivity to tactile stimulation across both hindlegs, F(1, 81) < 1.00, p > .05, we collapsed the data across this variable.
We found that rats exposed to fixed-spaced tailshock were hyporeactive to tactile stimulation (Fig. 4B) . Exposure to variably spaced tailshock enhanced mechanical reactivity and, as in Experiments 1 and 3, this effect was most evident 60-180 min after stimulation. An ANOVA revealed significant main effects of Time and Shock Condition as well as a significant Time Â Shock Condition Interaction, all Fs > 3.19, p < .01. One-way ANOVAs were then performed on the data at each time point to explore the impact of shock treatment over time. Immediately following stimulation (0 min) fixed-spaced shocked rats were less responsive relative to the other groups, F(2, 29) = 4.93, p < .05. At 1 and 2 h following stimulation, animals in the variable shock condition exhibited lower shock thresholds relative to animals in the unshocked and fixed shock conditions, all Fs > 7.78, p < .01. At 3 h, rats that received fixed-spaced shock were less responsive relative to the other two groups, F(2, 29) = 15.40, p < .001.
Shock treatment did not affect reactivity to thermal stimulation (Fig. 4D ). An ANOVA confirmed that the groups did not differ, all Fs < 2.45, p > .05.
Experiment 5: Pretreatment with fixed-spaced stimulation attenuates capsaicin-induced EMR Hook et al. (2009) showed that subcutaneous injection of capsaicin into one hind paw undermines instrumental learning when subjects are tested on the contralateral limb. This learning impairment can be blocked by prior treatment with either controllable, or fixed-spaced, shock Baumbauer and Grau, 2011 ). Here we examine whether treatment with fixed-spaced shock affects capsaicin-induced EMR.
Forty-eight subjects (n = 8 per condition) received 900 fixed legshocks, 900 variable legshocks, or nothing (Unshk). Immediately following shock termination, subjects received a subcutaneous injection of 1% capsaicin or physiological saline (50 lL vol) into one hindpaw (see Fig. 5 ). Shock and capsaicin treatment always occurred on the same limb (Treated Leg), and which limb was treated was counterbalanced across subjects. Tactile reactivity was assessed prior to shock treatment (baseline), immediately following shock treatment, and 15-60 min after capsaicin injection.
In the previous experiments baseline reactivity was assessed and combined across limbs because shock treatment yielded similar results on the treated (ipsilateral) and untreated (contralateral) legs. In the current experiments, which combined shock and capsaicin treatment, some differences were observed across the treated and untreated legs. Consequently, treated and untreated limbs were maintained as withinsubject factors and each limb served as its own baseline. As in Experiments 1-4, a similar pattern of results was observed independent of whether we controlled for baseline reactivity using an ANCOVA on the raw scores or an ANOVA on the change from baseline scores. Because it is generally easier to infer the pattern of statistical significance from graphs of the baseline scores, and because additional panels were required to illustrate the changes observed on both the treated and untreated legs, we only present the change from baseline scores in the subsequent experiments.
Baseline tactile reactivity scores ranged from 6.15 ± 0.04 to 6.23 ± 0.06 and did not differ, all Fs < 2.51, p > .05. After shock treatment, subjects exhibited comparable performance across test legs, all Fs < 1.49, p > .05 (cf. Fig. 5A, B) . As reported above, subjects exposed to fixed-spaced shock were less responsive to tactile stimulation. An ANOVA performed on the change from baseline scores yielded a main effect of shock treatment, F(2, 48) = 18.76, p < .001. Post hoc comparisons of the group means (Fig. 5C ) confirmed that the group given fixed-spaced shock was less responsive to tactile stimulation, relative to both the variably shocked and unshocked groups (p < .05).
We next examined tactile reactivity following capsaicin treatment (Fig. 5, Postinjection) . Because similar results were observed 15-60 min after treatment, all Fs < 1.00, p > .05, the data were collapsed over time. Capsaicin treatment produced a significant reduction in tactile thresholds, and this EMR was most pronounced on the injected paw (Fig. 5D) . Interestingly, fixed shock prevented the EMR produced by hindpaw capsaicin treatment. An ANOVA conducted on the change from baseline scores revealed significant main effects of Injected paw, Shock condition, and Capsaicin condition, all Fs > 8.05, p < .01. The ANOVA also produced significant Shock Â Capsaicin, and Injected paw Â Shock condition interactions, all Fs > 4.06, p < .05. The significant Shock Â Capsaicin interaction (see Fig. 5F ) emerged because rats in the unshocked and variable shock conditions given capsaicin were more responsive relative to rats in all other conditions (p < .05), except those given variable shock and saline (p > .05). No other group differences were significant (p > .05).
There are at least two potential interpretations of the above results. One possibility is that exposure to fixedspaced stimulation engages a process that effectively counters the induction of capsaicin-induced EMR. Alternatively, attenuated responding may be observed in subjects pretreated with fixed-spaced shock simply because shock, per se, induces hyporeactivity. By this interpretation, the consequences of fixed-spaced shock and capsaicin treatment are additive, and as a result, the shock-induced hyporeactivity subtracts from the capsaicin-induced EMR. To address this possibility, we performed an ANCOVA on the Postinjection scores, treating the Postshock tactile scores as a covariate. As expected, this covariate accounted for a significant proportion of the variance, F(1, 42) = 13.96, p < .001. While the main effect of shock was no longer significant, F(2, 42) < 1.0, p > .05, a significant Shock Â Capsaicin interaction remained, F(2, 42) = 5.25, p < .01. Additional analyses performed on the adjusted (least square) means showed that the unshocked and variably shocked capsaicin treated groups were more responsive relative to the capsaicin-treated group that had received fixed-spaced shock (p < .05). These analyses imply that fixed-spaced stimulation had an effect on capsaicininduced EMR that was independent of the shockinduced changes in tactile reactivity observed prior to capsaicin treatment.
Experiment 6: Exposure to fixed-spaced stimulation has a lasting effect
Experiment 5 showed that fixed-spaced shock attenuates the EMR observed after capsaicin treatment. Elsewhere, we have shown that fixed-spaced stimulation has a lasting effect on spinal learning that is evident 24-48 h after stimulation (Baumbauer et al., 2009) . Experiment 6 examined whether fixed-spaced shock also has a longterm effect on capsaicin-induced EMR.
Eighteen subjects (n = 6 per condition) received 900 fixed legshocks, 900 variable legshocks, or nothing (see Fig. 6 ). Twenty-four hours later, subjects received a subcutaneous injection of 1% capsaicin (50 lL vol) into the hindpaw of the previously treated leg. Tactile reactivity was assessed bilaterally prior to shock treatment (Baseline), immediately following shock treatment (Postshock), 24 h later prior to capsaicin administration (Preinjection), and again 30, 60, and 180 min after capsaicin injection (Postinjection).
Baseline tactile reactive scores ranged from 6.05 + 0.02 to 6.10 + 0.00 and did not differ across groups, all Fs < 1.86, p > .05. As in previous experiments, exposure to variable shock enhanced reactivity, while exposure to fixed-spaced shock inhibited behavioral reactivity relative to the unshocked controls (Fig. 6C, Postshock ). An ANOVA conducted on the change from baseline scores revealed a significant Immediately following assessment of baseline tactile reactivity rats were administered 900 variable legshocks, 900 fixed-spaced legshocks, or nothing (Unshk). After the impact of shock treatment on tactile reactivity was assessed (Postshock), subjects received a subcutaneous hindpaw injection of 1% capsaicin (50 lL) or saline to the dorsal surface of one hindpaw (counterbalanced). Injections and stimulation always occurred on the same limb. Tactile reactivity was reassessed 0-60 min after treatment (Postinjection). (A-C) Tactile reactivity after shock treatment. (D-F) Tactile reactivity after saline (unfilled bars) or capsaicin (filled bars) treatment, averaged over time. In both sets of panels, data are presented for the treated leg (left), untreated leg (center), and mean tactile reactivity (right). Asterisks indicate statistically significant differences (p < .05), and error bars depict ±SEM. The inset depicts the experimental design. main effect of Shock condition, F(2, 15) = 56.68, p < .0001. No other statistical effects approached significance, all Fs < 3.60, p > .05. Post hoc analysis of group means confirmed that rats given variable shock exhibited a significant reduction in response thresholds relative to all other conditions. In contrast, rats given fixed-spaced stimulation exhibited a significant increase in response thresholds compared to rats in all other conditions (p < .05).
Twenty-four hours following stimulation, we examined tactile reactivity prior to capsaicin treatment (Fig. 6 , Preinjection). Unshocked rats showed no change in reactivity. Rats previously exposed to variable shock were more responsive to tactile stimulation and this effect was most evident on the shocked leg (Fig. 6D) . In contrast, fixed-spaced shock induced a slight hyporeactivity. An ANOVA performed on the change from baseline scores revealed significant main effects of Stimulated leg and Shock condition, as well as a significant Stimulated leg Â Shock condition interaction, F(2, 15) = 28.70, p < .0001. Again, neither the main effect of Leg, nor its interaction with Shock treatment, was statistically significant, both F's < 2.70, p > .05. Not surprisingly, variation in tactile reactivity 24 h after shock treatment (Preinjection) was related to the changes observed a day earlier immediately after shock (Postshock). Supporting this, when Preinjection scores were analyzed using an ANCOVA (with Postshock values entered as the covariate), the main effect of shock treatment was no longer significant, F(2, 15) < 1.0, p > .05. However, the Leg Â Shock interaction remained statistically significant, F(2, 13) = 4.28, p < .05, which implies that shock treatment had a long-term limb-specific effect that was independent of its acute effect on tactile reactivity. Comparisons of the adjusted (least square) means revealed that this effect emerged because fixed shock induced a long-term hyporeactivity on the contralateral Fig. 6 . Treatment with fixed-spaced stimulation prevents capsaicin-induced EMR when administered 24 h prior to capsaicin. After baseline tactile reactivity was assessed, subjects received 900 fixed-spaced legshocks, 900 variable shocks, or nothing (Unshk). Tactile reactivity was then reassessed (Postshock). The next day, after tactile reactivity was measured (Preinjection), rats received a subcutaneous hindpaw injection of 1% capsaicin (50 lL) in the previously treated leg. Tactile reactivity was then assessed over a period of 3 h (Postinjection). (A-C) Tactile reactivity after shock treatment. (D-F) Tactile reactivity 24 h after shock treatment. (G-I) Tactile reactivity after capsaicin treatment, averaged over the 3-h test period. In each set of panels, data are presented for the Treated Leg (left), Untreated Leg (center), and average across legs (means, right). Asterisks indicate statistically significant differences (p < .05), and error bars depict ±SEM. The inset depicts the experimental design.
leg (relative to the unshocked and variably shocked rats) that was independent of its immediate (Postshock) effect (p < .05).
Tactile reactivity was then assessed after capsaicin treatment. Because shock treatment had a similar effect on tactile reactivity across both test legs, all Fs < 1.11, p > .05, we collapsed the data across this variable (Fig. 6, Postinjection) . Capsaicin treatment induced EMR in the unshocked controls, but had no effect on subjects pretreated with fixed-spaced shock. An ANOVA revealed significant main effects of Shock condition and Leg, both F's > 76.37, p < .0001. The Shock Â Leg interaction was not significant, F(2, 15) < 1.0, p > .05. Post hoc analysis of group means (Fig. 6I) confirmed that unshocked rats, and rats given variable shock prior to capsaicin, exhibited enhanced reactivity relative to rats given fixed stimulation (p < .05).
Again, we examined whether the impact of fixedspaced shock on capsaicin-induced EMR was related to a shock-induced hyporeactivity. We addressed this issue by performing an ANCOVA on the Postinjection scores, using either the Postshock or Preinjection scores as the covariate. Both analyses yielded the same pattern of statistical significance, generating a significant main effect of Shock treatment and Leg, all F's > 20.28, p < .0001. In both cases, comparisons of the adjusted means (collapsed across leg) showed that fixed-spaced shock had a significant effect, relative to both the variably shocked and unshocked groups, that was independent of either its immediate (Postshock) or long-term (Preinjection) effect on tactile reactivity (p < .05).
The sensory response to capsaicin is accompanied by swelling and edema in the affected tissue. To examine whether prior shock treatment affected swelling, we measured the thickness of the injected paw prior to and for 3 h following capsaicin administration. To control for variation in paw size across subjects, we analyzed the change from pretreatment paw thickness. Swelling was greatest on the injected paw, F(1, 30) = 196.93, p < .001, but was not affected by shock treatment (data not shown), F(2, 15) = 1.47, p > .05.
Experiment 7: Fixed-spaced stimulation reverses capsaicin-induced EMR
Fixed-spaced shock given immediately before capsaicin treatment attenuated the capsaicin-induced EMR (Experiment 5). Experiment 7 examined whether fixed stimulation given 3 h after capsaicin treatment can reverse the EMR observed following capsaicin treatment.
We began by testing whether exposure to 900 fixedspaced shocks could attenuate capsaicin-induced EMR. Fixed-spaced shock did not have a significant effect, all Fs < 1.00, p > .05. Recognizing that the consequences of fixed stimulation strengthen with training (Baumbauer et al., , 2009 ), we assessed whether increasing stimulus exposure to 1,800 shocks affects capsaicininduced EMR (Fig. 7) . Thirty-two rats (n = 8 per condition) were given a subcutaneous injection of 1% capsaicin or physiological saline (50 lL vol) into one hindpaw. Subjects then received 1,800 fixed-spaced shocks to the same leg or nothing (Unshk). Mechanical reactivity was assessed: (1) prior to capsaicin treatment (Baseline); (2) 30, 60, and 180 min after capsaicin treatment (Postinjection); and (3) after shock treatment (Postshock). As in Experiments 5 and 6, shock and capsaicin treatment always occurred on the same limb (Treated Leg) and which limb was treated was counterbalanced across subjects.
Baseline tactile reactivity scores ranged from 5.96 + 0.03 to 6.12 + 0.05 and did not differ, all Fs < 1.43, p > .05. Treatment with capsaicin enhanced mechanical reactivity and this effect was most evident on the Treated Leg (Fig. 7A ). An ANOVA conducted on the change from baseline scores revealed significant main effects of Leg and Capsaicin, as well as significant Injected Leg Â Capsaicin interaction, all Fs > 11.57, p < .001. The significant 2-way interaction emerged because subjects given capsaicin exhibited reduced response thresholds, and this effect was more pronounced on the injected paw (p < .05). No other statistical effects approached significance, all Fs < 2.12, p > .05.
Mechanical thresholds were reassessed immediately after shock treatment or equivalent period of restraint (Fig. 7, Postshock) . Unshocked rats given capsaicin displayed enhanced reactivity while rats administered fixed stimulation were less responsive irrespective of capsaicin treatment. An ANOVA revealed significant main effects of Shock and Leg, both F's > 15.13, p < .001.
In addition, there was significant Shock Â Capsaicin treatment interaction, F(1, 20) = 11.29, p < .005. No other terms were significant, all F's < 1.70, p > .05. Post hoc comparisons of the group means (Fig. 7F) showed that the capsaicin unshocked group differed from all other groups (p < .05). In addition, rats given capsaicin followed by fixed-spaced shock differed from the unshocked saline controls (p < .05). No other comparisons were significant (p > .05).
DISCUSSION
We have previously shown that variable shock inhibits learning while fixed-spaced shock enables learning and counters the consequences of variable stimulation (Baumbauer et al., , 2009 ). These results suggest that variable and fixed shock have distinct effects on spinal cord plasticity. We have suggested that variable shock may disrupt spinally mediated learning because it induces a central sensitization-like state that diffusely saturates NMDAR-mediated plasticity. Supporting this, treatments that induce central sensitization (e.g., peripheral carrageenan or capsaicin) inhibit learning (Ferguson et al., 2006; Hook et al., 2008) . The present paper builds on our previous findings examining learning and explores the generalized impact of stimulation on mechanical reactivity. We showed that variable shock produces an increase in mechanical reactivity that emerged 30-60 min after shock treatment (Experiments 1, 3, and 4) and lasted up to 3 h (Experiment 3). Variable stimulation enhanced mechanical reactivity independent of whether shock was applied through intramuscular electrodes (Experiment 1), stimulation of the sciatic nerve (Experiment 3), or tail electrodes (Experiment 4). As previously reported , variable stimulation of the sciatic nerve also produced a transient hyporeactivity (Experiment 3). A transition from hypo-to hyperreactivity may occur because a short-term process masks variable stimulation-induced hyperreactivity or because the underlying processes unfold sequentially over time. Variable stimulation had no effect on thermal reactivity, which suggests that the EMR does not reflect a more general hyperalgesia. A similar pattern has been observed after treatments that induce central sensitization and has been linked to a functional modification of A-beta fibers (Thompson et al., 1996; Linden and Seybold, 1999; Ossipov et al., 2002; Sorkin et al., 2002) . A caveat must be acknowledged, however, because we did not test both stimuli at the same location.
An extended exposure to fixed-spaced shock induced hyporeactivity rather than mechanical hyperreactivity (Experiments 1-4). As reported by others (Schouenborg and Sjolund, 1983; Schouenborg, 1984; Herrero et al., 2000) , the effect of fixed-spaced stimulation varied as a function of shock number; a brief (36 shocks) exposure produced enhanced reactivity, whereas an extended exposure (900 shocks) produced hyporeactivity (Experiment 2). An extended exposure to fixed-spaced shock produced hyporeactivity independent of whether shock was applied using intramuscular electrodes (Experiments 1-2), sciatic nerve stimulation (Experiment 3), or tailshock (Experiment 4). Fixed-spaced shock had no effect on thermal reactivity, which suggests that the mechanical hyporeactivity is not accompanied by a more general hypoalgesia (antinociception). While we acknowledge that this claim is based on a null result, it should be noted that our test of thermal reactivity has proven sensitive to a broad range of environmental stimuli and has been regularly used in our laboratory for over 25 years (e.g., Grau, 1987; Meagher et al., 1990; Prentice et al., 1996; Crown et al., 2002; Hook et al., 2009) .
Prior studies showed that exposure to fixed-spaced shock can counter the learning deficit induced by capsaicin (Baumbauer and Grau, 2011) . We hypothesized that shock treatment had this effect because it countered the induction and maintenance of central sensitization. If this is true, fixed-spaced stimulation should also affect capsaicin-induced EMR. The present study explored this issue using a preparation wherein communication to the brain had been surgically disrupted, which assures that the experimental effects reflected interactions at the level of the spinal cord. This procedure has the added advantage of preventing pain/suffering at a conscious (brain-dependent) level during our treatment and test procedures. Under these conditions, prior exposure to fixed spaced, but not variable, shock attenuated the EMR induced by peripheral capsaicin treatment (Experiment 5). Just as fixed-spaced shock has a lasting effect on learning (Baumbauer et al., 2009) , it too attenuated the response to capsaicin for 24 h (Experiment 6). Exposure to fixed-spaced shock also reduced EMR when given after peripheral capsaicin, suggesting that the shock treatment counters the maintenance of prolonged pain (Experiment 7).
Our results show that the effect of intermittent stimulation depends upon whether shocks are given in a regular or irregular manner. Just as the divergent effects of variable and fixed-spaced shock on learning require extended training (Baumbauer et al., , 2009 , fixedspaced shock-induced hyporeactivity only emerged after 900 shocks. In contrast, variable shock treatment appears to yield an effect that grows in a monotonic manner to inhibit learning and enhance mechanical reactivity; both here, and in prior studies, increasing the number of shocks presented on a variable schedule from 180 to 900, if anything, enhances the impact of shock treatment (Ferguson et al., 2006; Baumbauer et al., 2008) . Finally, just as fixed-spaced shock has a lasting protective effect on spinal plasticity, that can counter the learning deficit induced by variable shock or peripheral capsaicin (Baumbauer et al., 2009; Baumbauer and Grau, 2011) , fixed-spaced shock induces a process that counters behavioral signs of neuropathic pain and this effect is evident 24 h after treatment.
Locus of action
Both fixed and variable shock treatment had a bilateral effect on tactile reactivity. This is important for a number of reasons. First, it speaks to some alternative interpretations of our results. For example, fixed-spaced shock may reduce mechanical reactivity to tactile stimulation because it produces a limb-specific habituation or motor fatigue. The fact that fixed-spaced shock impacted performance when subjects were tested on the contralateral leg speaks against both of these accounts and implicates a common (spinal) system. What is more difficult to determine is how fixed-spaced stimulation affected capsaicin-induced EMR. Because capsaicin and shock were applied to the same limb, it could be argued that shock treatment had a peripheral effect that reduced the afferent signal produced by capsaicin treatment, and thereby reduced the induction of central sensitization. That explanation, however, would not hold for Experiment 7 where capsaicininduced central sensitization was induced prior to treatment with fixed-spaced shock. Those results, suggest that the key interaction occurs centrally, within the spinal cord.
Within the spinal cord, exposure to fixed-spaced stimulation could inhibit capsaicin-induced EMR in a number of ways. One possibility is that both manipulations independently affect motor reactivity, but in opposite ways. From this perspective, the hyporeactivity induced by fixed-spaced shock subtracts from the hyperreactivity induced by capsaicin. We addressed this possibility using statistical techniques. At issue is whether the shock-induced alterations in motor reactivity could explain the impact of shock treatment on capsaicin-induced EMR. We found that fixed-spaced shock still had a significant effect on EMR after the variance attributable to the shock-induced hyporeactivity was factored out (Experiments 5 and 6). These statistical procedures imply that there are two independent sources of variance, one that is related to the fixed shock-induced inhibition of motor reactivity and another that is related to the impact of shock treatment on capsaicin-induced EMR.
Perhaps the strongest evidence against a motoric account comes from studies examining how fixedspaced shock treatment affects a capsaicin-induced inhibition of learning. Prior studies have shown that spinally transected rats given shock to one leg whenever that leg is extended will exhibit a progressive increase in flexion duration, a behavioral phenomenon known as instrumental learning (Grau et al., 1998) . Because learning is evident from an increase in shockinduced flexion duration, a motoric explanation would anticipate that factors that enhance reactivity (e.g., capsaicin treatment) would promote learning while manipulations that diminish reactivity (e.g., exposure to fixed-spaced shock) would interfere with learning. However, exactly the opposite is observedpretreatment with capsaicin inhibits learning while prior exposure to fixed-spaced shock promotes learning and both effects last at least 24 h (Baumbauer et al., 2009; Baumbauer and Grau, 2011; Huie et al., 2008) . More importantly, exposure to fixed-spaced shock before, or after, capsaicin treatment blocks its long-term effect on instrumental learning (Baumbauer and Grau, 2011) . The most parsimonious explanation of these findings is that exposure to fixed-spaced shock engages a process that opposes the central consequences of capsaicin treatment.
Potential mechanisms for discriminating regular versus irregular stimulation
Our work highlights the importance of temporal regularity and demonstrates that variable-and fixed-spaced stimulation have divergent effects on spinal cord plasticity. How could spinal systems make this discrimination? One possibility is that fixed and variable stimuli engage distinct fiber pathways. Indeed, similar results have been observed in the visual cortex where regularly spaced low-frequency stimulation results in long-term depression (LTD), while low-frequency stimulation administered in a variable manner shifts the balance of plasticity toward potentiation (Perrett et al., 2001 ). However, from this perspective, it is not obvious why a brief exposure (180 shocks or less) to fixed or variable stimulation have common effects (Baumbauer et al., , 2009 ). An alternative interpretation is suggested by the fact that the fixed-spaced shock effect requires extended training, depends on a form of NMDAR-mediated plasticity, and de novo protein synthesis, factors generally associated with learning and memory (Morris et al., 1986; Schafe and LeDoux, 2000; Izquierdo et al., 2006) . As others have noted (Pavlov, 1927; Todd et al., 2010; Wan et al., 2010) , a regular inter-stimulus interval provides a temporal cue that can be used to predict the occurrence of stimulation. From this perspective, time can act as a kind of Pavlovian conditioned stimulus (CS) that predicts shock occurrence (the unconditioned stimulus [US]). Previous work has shown that spinal neurons can support Pavlovian conditioning (Durkovic, 1975; Joynes and Grau, 1996) . This account assumes that a physiological cue is available that tracks time within the relevant intervals and functions as a Pavlovian CS. Such a cue could be provided by a process that decays at a fixed rate, yielding a kind of hourglass (Boulos and Terman, 1980) . Alternatively, a temporal cue could be provided by the central pattern generator (CPG) used to induce rhythmic stepping (Kiehn, 2006; Baumbauer et al., 2008 Baumbauer et al., , 2009 McCrea and Rybak, 2008) . Indirect evidence for this view comes from data demonstrating that the effective frequency for fixed stimulation lies within the frequency range of coordinated stepping (Roy et al., 1991; de Leon et al., 1994) .
Engagement of spinal antinociceptive systems
Here we report that intermittent shock does not impact tailflick behavior, suggesting that the observed mechanical hyporeactivity may not result from a global spinally mediated antinociceptive response. This finding is surprising because the intensity of shock utilized in the current work is likely sufficient to be considered painful in intact animals. Previous work has shown that shock of lower intensity engages supraspinally mediated indicators of pain responding, such as vocalization (Illich et al., 1995) . However, in the intact animal, whether antinociceptive/analgesic mechanisms are engaged is determined by a different set of physiological parameters (Grau, 1987; Meagher et al., 1993) . For example, brain-dependent systems support the development of antinociception (via descending modulation) at much lower shock intensities, and, in contrast to the present findings, the application of intermittent stimulation generally produces antinociception (Grau et al., 1981) . What is interesting is that stimulation schedule (intermittent vs. continuous shock) determines whether analgesia is opioid or nonopioid dependent; continuous shock engages non-opioid dependent analgesia, while intermittent shock engages opioid-dependent analgesia (Terman et al., 1984) .
SUMMARY AND CONCLUSION
Researchers have recognized for many years that wind-up and central sensitization may depend on similar mechanisms. However, this simple idea was challenged by the fact that agents that induce central sensitization appear to have a monotonic effect, yielding greater allodynia as the magnitude of inflammation is increased, whereas exposure to fixed-spaced nociceptive stimulation generally has a non-monotonic effect, with a brief exposure producing hyperreactivity to mechanical stimulation while an extended exposure yielded hyporeactivity (Clatworthy and Walters, 1993b,a; Traub, 1997; Herrero et al., 2000) . While further work is needed to confirm our observations at a physiological level, the results demonstrate behaviorally that a monotonic effect is observed after variable stimulation, a stimulus schedule that more closely resembles the erratic pattern of C-fiber activity following inflammation (Sandkuhler et al., 2000; Ji et al., 2003) . Conversely, our results suggest non-monotonic effects have been observed in prior studies because the stimulus pulses were presented in a regular manner. Beyond providing a potential solution to a current enigma, our results suggest that exposure to fixed-spaced shock may have a lasting effect that counters inflammation-induced allodynia through interactions that occur within the spinal cord. Further, we have shown that intermittent shock can produce an EMR that lasts for hours when it occurs in a variable manner. In this way, variable stimulation has an effect that appears distinct from prior reports of wind-up associated EMR, which typically decays within minutes.
In some regards, the effect of fixed-spaced shock resembles the inhibition of nociceptive processing observed after a continuous stream of shock pulses (transcutaneous electrical nerve stimulation [TENS]) (Ainsworth et al., 2006; DeSantana et al., 2009) . TENS, however, appears to affect pain through a distinct process that is tied to its capacity to elicit antinociception (King et al., 2005; Hingne and Sluka, 2008) . The mechanisms also appear different in duration; while TENS-induced antinociception generally wanes soon after termination (DeSantana et al., 2009) , the effect of fixed-spaced stimulation lasts 24 h (Experiment 6; Baumbauer et al., 2009 ). Further work is needed to determine the stimulus conditions under which this fixed-spaced shock effect emerges, whether it can be induced at non-nociceptive intensity levels (which would enhance its clinical usefulness), and whether it is effective in intact subjects.
